The effect of aqua blasting and laser engraving on surface microstructure development, residual stress and corrosion resistance of type 316L stainless steel has been investigated. Aqua blasting resulted in a deformed near-surface microstructure containing compressive residual stresses. Subsequent laser engraving produced a surface layer with tensile residual stresses reaching to a depth of 200 microns. Changes of surface roughness topography were accompanied by the development of a thick oxide/hydroxide film after laser engraving. The atmospheric corrosion behavior of all surfaces with MgCl 2 -laden droplets was compared to their electrochemical response in 1M NaCl and 0.7 M HCl aqueous solutions. The measured total volume loss after atmospheric corrosion testing was similar for all investigated surface conditions. Laser-engraved surface exhibited the smallest number of corrosion sites, but the largest mean corrosion depth.
Introduction
Thermo-mechanical processing via cold and hot rolling is typically used to control the bulk material properties of stainless steel, with coatings, surface blasting and peening, wire brushing and laser surface treatments applied to change the near-surface microstructure and its properties (Ref [1] [2] [3] . To introduce compressive surface residual stresses, shot blasting, peening and brushing treatments are commonly applied. It is believed that compressive surface residual stresses increase the lifetime of components by inhibiting stress corrosion cracking (SCC), fatigue and corrosion fatigue (CF), whereas the presence of tensile residual surface stresses would lead to more vulnerable microstructures (Ref 4) . The effect of surface peening and blasting treatments on the corrosion behavior are inconclusive, with reports suggesting an increased pitting corrosion resistance for blasted and peened surfaces (Ref 5) , with other investigations indicating a reduction in the pitting potential, i.e., more susceptible microstructures (Ref 6) . A reduction in the pitting corrosion resistance has been linked to the surface roughness finish, with the introduction of local micro-crevices, resulting in an increase in the passive current density, and far higher pit nucleation propensities .
Laser engraving/marking and melting can be achieved by a variety of techniques, using SPI fiber and Nd:YAg lasers, affecting color patterns, microstructure, oxide development and corrosion performance . Lawrence et al. (Ref 11, 12) showed that the oxide thickness can be influenced by the laser scan rate, with increasing scan rates leading to thicker oxide layers which can further be linked to the corrosion resistance. It was also shown that the composition of the oxide depends on the thickness, as oxides < 200 nm are made predominantly of Cr-rich oxides containing Mn and Fe, with oxide exceeding 250 nm in thickness having a Cr-rich interface layer, covered by more Fe-rich top layers (Ref 12, 13) . The work also showed that laser engraving leads to Cr depletion in the near-surface region, which was linked to the laser scan speed. Another important parameter of the laser treatment is the degree of overlap, defined by the laser beam diameter. It was shown that overlap of 70% can lead to a significantly improved corrosion resistance, by decreasing the passive current density and shifting the pitting breakdown potential to more noble potentials (Ref 15) . This increased corrosion resistance was linked to a homogeneous oxide layer with high chromium concentrations. In contrast, an overlap of 90% reduced the corrosion resistance compared to the reference condition. No passive region was observed, suggesting that the surface is immediately attacked. Conde et al. (Ref 17) showed that the corrosion resistance can be increased by surface laser melting, as the corrosion and breakdown potential are shifted to more noble values, while also reducing the passive current density. In addition, the effect of femto-second laser markings on martensitic and type 316L austenitic stainless steel showed for both materials an improvement of the pitting corrosion resistance (Ref 16) . In contrast, Lawrence et al. (Ref 11) showed that laser-treated surfaces become more susceptible to localized corrosion attack with increasing oxide thickness, and for oxide layers exceeding 489 nm thickness no passive region was observed, indicating dissolution of the exposed area. The influence of laser engraving on the corrosion resistance was also studied under atmospheric conditions using a salt spray chamber. It was shown that with increasing heat input the laser marked surface becomes more susceptible to corrosion (Ref 10) , and if cracks in the oxide layer exposing the base material are present, they act as weak points for corrosion to occur (Ref 11, 18) . In addition, it was also shown that laser marking can be detrimental to fatigue life (Ref 19) .
The work in this paper aims to contribute an advanced understanding of the influence of commercial surface finishing treatments on microstructure development, near-surface residual stress development and corrosion susceptibility of type 316L stainless steel. Surface after aqua blasting and laser engraving is compared to ground surfaces, with a focus on elucidating their corrosion performances.
Materials and Methods
A mill-annealed sheet with a chemical composition of (wt.%) 16.9 Cr, 10.1 Ni, 2.01 Mo, 0.020 C and 0.038 N was used for all laser-engraved and aqua-blasted samples. Aqua blasting was carried out by using aluminum oxide (60-80 lm) and glass media (177-297 lm) mesh grit mix at 5.5 bar pressure. The mass ratio between grit mix and water was 2:1. Laser engraving was subsequently applied onto the aquablasted surface using a 40-W SPI fiber laser at 45 kHz, with a laser pulse rate width of 4.2 ms and a feed rate of 180 mm/s.
An as-received type 316L austenitic stainless steel with the composition of (wt.%) 16.7 Cr, 10.1 Ni, 2.04 Mo, 0.019 C and 0.049 N is used as reference in this work. The surface of the reference coupons was finished with a 1200-grit SiC grinding treatment. Specimens for microstructure investigation were prepared by grinding and polishing to a 1-lm diamond paste finish, followed by oxide polishing suspension (OPS). For focus ion beam (FIB) investigations, the surface of the specimens was additionally cleaned in an ultrasonic bath for 10 min.
Grazing Incidence X-ray Diffraction (GI-XRD) Measurements
GI-XRD (grazing incidence XRD) scans of the surface were obtained using Cu-Ka radiation (k = 1.54184 Å ) on the Philips XÕPert Modular Powder Diffractometer (Bragg-Brentano geometry: graphite monochromator) using the same parameters as above at a grazing incidence angle of 3°.
Residual Stress Measurements
Surface residual stresses were determined using the sin 2 w method with a Proto x-ray diffractometer equipped with Mn Ka (k = 2.1031 Å ) to study the in-plane stresses of the {3 1 1}-plane. Measurements were carried out for 11 angles of ± 27°w ith 3°beta oscillation using a 0.5-to 1-mm diameter aperture. Two sample orientations (/) were measured with (/ = 0°) along the process orientation of laser engraving (L), and (/ = 90°) perpendicular to (W). 3D residual stress depth profiles have been obtained by incrementally removing material from the surface via electropolishing. A STRUERS LectroPol-5 was used, where the specimen is connected to the anode while applying a voltage between 30 and 40 V for 30-300 s. A mixture of concentrated perchloric (HClO 4 ) and acetic acid (C 2 H 4 O 2 ) (ratio 9:1) was used as the polishing solution. The temperature of the solution was controlled between 0 and 15°C. The polishing time was varied, with the aim to remove $ 0.05-0.1 mm with each polishing step. Material removal was measured with a point micrometer providing an accuracy of 0.01 mm.
X-ray Photoelectron Spectroscopy (XPS)
XPS analyses on as-received, aqua-blasted and laser-engraved surfaces were carried out with a Kratos Axis Ultra using monochromatic Al Ka source (1486.69 eV) and hybrid lens mode. The XPS spectra were obtained without any pre-/postsample treatment. The spectra for C, O, Ni, Fe, Cr and Mo were acquired at a pass energy of 20 eV, with a step size of 100 meV, a dwell time of 500 ms and 16-25 repeat measurements. The obtained spectra were corrected based on the carbon peak (C1 s) position (284.8 eV) and analyzed using CasaXPS software (version 2.3.17), with Shirley background fitting and the Gauss-Lorentz function for peak fitting to obtain quantitative data.
Corrosion Testing
Atmospheric corrosion tests were conducted by applying MgCl 2 droplets with an Eppendorf pipette, giving a droplet volume of 2.5 ll and droplet diameter of $ 3 mm. The concentration of the MgCl 2 solution was varied between 0.1 and 1M, resulting in MgCl 2 droplets with initial deposition densities of 38, 386, 772 and 3860 lg/cm 2 . The specimens were exposed to 50°C and 30% relative humidity for up to 402 days, with one set of specimens exposed continuously (without interruption) in the chamber, whereas another set was regularly taken out for 2-3 h to track the development of surface corrosion products. The later specimens are referred as ''series 2'' specimens.
The corrosion attack was analyzed with a Keyence VK-X200 K 3D Laser Scanning Microscope (LSM) to study the influence of chloride deposition and surface treatment on corrosion depth and volume, as well as number of corrosion sites. The entire corroded area was imaged at 200 9 magnification with a z-resolution of 0.1 lm.
Electrochemical tests were carried out in a 3-electrode cell in 0.7 M HCl or 1M NaCl at room temperature using an Avesta cell (Ref 20) . A platinized Ti-electrode was used as the counter electrode, with the reference electrode (Ag/AgCl; saturated KCl) connected through a Luggin capillary. All electrochemical polarization tests on laser-engraved surfaces were carried out at room temperature using an electrochemical mount-on cell in form of a miniaturized 3-electrode corrosion cell with a volume of ca. 4 ml, as shown in Fig. 1(a) . The cell has an Eppendorf pipette tip, with a tip opening of $ 400 lm (0.0050 cm 2 ) in diameter, as shown in Fig. 1(b) . In addition, the cell is equipped with an Ag/AgCl reference electrode manufactured by Alsjapan and a platinum wire as counter electrode.
All potentials were converted to NHE (normal hydrogen electrode). The experiments were carried out with an IVIUMCompactstat potentiostat using IVIUMsoft software with a scan rate of 1 mV/s. Prior to all scans, the open-circuit potential (OCP) was measured for 300 s. The pitting potential was defined as the potential where the current exceeded $ 1 mA/cm 2 for measurements carried out with the Avesta cell. For experiments conducted with the miniature cell, the pitting potential was determined where the current exceeded $ 200 lA/cm 2 . The reported error bars of the measured pitting potential are based on 3-5 representative measurements and are represented as standard deviations of these measurements. Fig. 2(a) , together with a schematic representation of the planes (gray shaded) for material characterization of all samples (Fig. 2 ). The EBSD map shows high-angle (black) and twin (red) grain boundaries, supporting the presence of an annealed austenitic microstructure with an average grain size in process direction of 8 ± 5 lm (including twin boundaries), and a mean Vickers hardness of 164 HV 0.5 .
Results and Discussion
3.1.2 Aqua-Blasted Surface. The microstructure of the aqua-blasted surface was investigated in process, longitudinal and transversal direction. In process orientation, shown in Fig. 2(c) , the grain size was determined with 25 ± 13 lm. Grain sizes in transverse and longitudinal direction are listed in Table 1 indicating a homogenous microstructure in both directions. The grain size in the near-surface region was determined with 14 ± 8 lm (including twin boundaries). Due to the impact of the grit material, the microstructure changes slightly throughout the thickness of the sample. In the nearsurface region, a deformation layer is introduced in combination with a grain refined layer (Ref 18) , while other research also showed grain refined layers after blasting and peening treatments (Ref 9, 21) .
The impact of aqua blasting on the microstructure deformation can also be seen in the XRD spectra reported in (Ref 18) , indicating that no secondary phases were introduced. The microstructure deformation is notable by comparing full width half maximum (FWHM) values of the annealed reference sample with the aqua-blasted sheet material. The reference sample showed a FWHM value of 0.23°for the (111) peak, while aqua blasting had a width of up to 0.53°, indicating a deformed microstructure.
3.1.3 Laser-Engraved Surface. Similar to the aquablasted specimens, the influence of laser engraving on the microstructure was studied along the process, longitudinal (L) and transversal (T) direction. Laser engraving was subsequently applied onto aqua-blasted surfaces, resulting in grain sizes in process orientation of 20 ± 15 lm, as shown in Fig. 2(b) . The grain size in transversal and longitudinal direction for laserengraved surfaces is listed in Table 1 . No significant difference between aqua-blasted and laser-engraved samples can be seen considering the determined grain sizes. Local microstructure differences are only present in the near-surface region, as the heat impact of the laser engraving treatment caused a recrystallization of the near-surface microstructure. The change of the near-surface region after laser engraving is shown in (Ref 18) .
Laser-engraved surfaces showed no evidence of secondary phases using XRD phase analysis (Ref 18) . Further analysis of the obtained spectra revealed FWHM widening of the (111) peak compared to the as-received condition, 0.42°versus 0.23°. The increased FWHM value is related to the introduction of residual stresses in the near-surface region, due to the laser surface treatment.
Grazing Incidence X-ray Diffraction (GI-XRD)
GI-XRD measurements have been carried out to study the influence of the surface treatments in the near-surface region, with results for each condition shown in Fig. 3 . The as-received specimen exhibited delta ferrite, with in total three determined peaks (a¢). In contrast, the aqua-blasted surface had no martensite/delta ferrite peaks, but revealed the presence of a weak oxide peak $ 35°.
The laser-engraved surfaces revealed additional peaks that have been linked to oxide products, most likely hematite and magnetite, as the laser treatment is carried out in an oxygencontaining environment. The formation of oxides on the surface as a secondary phase after laser marking and laser surface melting treatment is common (Ref 10, 15, 22) . In addition, it was also shown that laser marking can lead to a ferrite/martensite diffraction peak at $ 44.6°if certain process parameters are used (Ref 13) . When the surface is cleaned with citric acid, the visible oxide layer is removed, and the detected oxide peaks disappear as indicated in 3. No ferrite/martensite peaks is present, as the microstructure has been recrystallized by the laser heat input.
XPS Analysis of Laser-Engraved and Aqua-Blasted Surfaces
The obtained XPS spectra of iron and chromium for asreceived, aqua-blasted and laser-engraved specimens are shown in Fig. 4 (a) and (b), indicating the presence of metal and associated metal oxide peaks. Similar trends were observed for nickel and molybdenum, with oxygen and carbon peaks also present. The carbon signal is caused by a surface layer of organic contaminations and oxygen due to the presence of the oxide/passive film.
The observed spectrum was fitted to determine the ratio between metal (Fe ) for laser-engraved, aqua-blasted and 1200-grit polished samples. Due to the lack of reference samples representing pure oxides and hydroxides, only semi- The Fe 2p XPS spectra in Fig. 4 (a) show a clear difference between laser-engraved, as-received and aqua-blasted specimens. In general, the spectra indicate a more oxidized nearsurface region for laser-engraved samples, as all pure metal peaks disappear. In contrast, as-received and aqua-blasted surfaces exhibit a metallic near-surface structure indicated by the metal iron peak (Fe 2p 3/2 ) between 706.4 and 706.6 eV with a FWHM of 1.0-1.1 eV and Fe 2p 1/2 peak at 719.8 eV. The peak position and FWHM for the Fe 2p 3/2 are in good agreement with literature data (Ref 23, 27) . The spectra also indicate that all three surface conditions contain an oxide/ hydroxide structure. The wide iron peak between 708 and 716 eV can be linked to iron oxide/hydroxides. In the literature, a variety of oxides such as FeO, Fe 2 O 3 and Fe 3 O 4 and oxide/ Table 1 Overview of grain sizes including twin boundaries for as-received, aqua-blasted and laser-engraved samples in process, transversal and longitudinal direction As-received Aqua-blasted, lm Laser-engraved, lm The Cr 2p spectrum shown in Fig. 4 (b) exhibits a similar trend as the Fe 2p spectra, indicating that the metal peak disappears for laser-engraved surfaces. As-received and aquablasted surfaces show the metal chromium peak at 573.29-573.6 eV with a FWHM of 0.89-0.93 eV, which is slightly lower than reported Cr 0 peak positions ($ 574 eV) (Ref 23, 24) . Besides the Cr 0 peak, the Cr 2p spectrum also shows the presence of Cr oxides/hydroxides. Literature data suggest to fit the peak with Cr 2 O 3 and Cr(OH) 3 Similar trends were observed for nickel ( Fig. 4c) and molybdenum (Fig. 4d) , indicating that the near-surface region after laser engraving is made out of oxides and hydroxides only, as no metal peaks were observed. In addition, as-received and aqua-blasted surfaces exhibit a metal structure as indicated by Fe and Cr spectra, while oxide/hydroxide peaks are also present. XPS spectra of molybdenum and nickel including fitting parameters can be found in the literature (Ref 24, 25, 33 Figure 5 summarizes the phase distribution of metal and oxide/hydroxides for all three surface conditions. Overall, the near-surface region for as-received condition contains a phase distribution of $ 22% metallic and $ 78% oxide/hydroxide, with a decreasing metallic trend for surface-treated samples, reaching $ 14% for aqua-blasted samples. The laser-engraved near-surface region is purely made out of metal oxides/ hydroxides. This suggests that the present oxide layer on laser-engraved samples is thicker than the natural passive film. Based on the technique and parameters, the reported oxide layer introduced by pulsed laser irradiation can reach 5-300 nm (Ref 11), which would be thick enough to block off the signal from the underlying metal. Aqua-blasted surfaces showed similar Cr 3+ composition. In contrast, decreased Cr 3+ ratios were found for as-received (0.33) and laser-engraved surfaces (0.3). This was linked to Fe 2+/3+ enrichment in the oxide layer (ratio of 0.6).
Residual Stress
The surface residual stress level after aqua blasting and laser engraving was reported in (Ref 18) , indicating for aqua-blasted surfaces compressive residual stresses in the region of À 500 to À 800 MPa. Compressive residual stresses are expected for aqua-blasted surfaces as the treatment is very similar to other blasting and peening procedures (Ref 34-38 ). In general, it is believed that compressive stresses have beneficial effects on fatigue and stress corrosion performance (Ref 21, 38, 39) .
Laser engraving applied on aqua-blasted surfaces lead to high tensile stresses in the order of + 300 to 500 MPa (Ref 18) . The introduction of the tensile residual stresses is directly linked to the laser process and most likely to thermal residual stresses. During engraving, the surface is heated up by the laser resulting in a molten pool of elements, followed by rapid cooling which introduces tensile residual stresses. In addition, by removing the oxide layer by citric acid cleaning at 60°C and by electropolishing, the observed tensile residual stresses 3D residual stress profiles are shown in Fig. 6 for aquablasted and laser-engraved surfaces. The 3D stress profile for aqua-blasted surfaces reveals three stress regions. The (1) nearsurface region is compressive, due to the impact of the grit material, followed by a tensile region (2) in order to balance the compressive stresses. Finally, a slightly compressive, near-zero stress region (3) is present, with indication of compressive residual stresses. The compressive stresses in the near-surface region reach 100-120 lm deep, while the tensile stress region is $ 700 lm deep, with a tensile stress maximum of $ + 180 MPa. Throughout the sample thickness, no significant difference in / = 0°and / = 90°stress direction was found.
The 3D stress profile for laser-engraved samples also indicates three regions. The influence of the laser treatment is evident in the near-surface region (1), indicating a tensile region reaching $ 160-200 lm deep. The stress state of the second region is compressive and $ 600 lm wide, with a maximum stress level of $ À 200 MPa before the stresses decreases to < + 70 MPa (2). Overall, the measured compressive stresses should provide a good resistance to stress corrosion cracking, while tensile stresses typically make the materials more susceptible (Ref 4).
Surface Topography
Surface topographies of the aqua-blasted and laser-engraved surface are shown in Fig. 7 . The surface roughness of the laserengraved sample was determined with Rz 25 lm, whereas the aqua-blasted surface indicated a roughness typical for peened surfaces of Rz 16 lm. For shot peening treatments, similar surface roughness ranges have typically been reported, with Ra and Rz of, respectively, 3-4 and 18 lm (Ref 6). In contrast, for 1200-grit polished surface, the surface roughness was determined with Rz 0.08 lm. Besides the different surface roughness, a topography analysis of the laser-engraved barcode label 
Atmospheric Corrosion
Atmospheric corrosion tests have been carried over a wide range of MgCl 2 deposition densities ranging from 38 up to 3860 lg/cm 2 . The environment was set to 50°C and 30% relative humidity to initiate atmospheric corrosion attack on type 316L stainless steel (Ref 40, 41 ). The effect of aqua blasting and laser engraving on the atmospheric corrosion resistance was studied and compared to 1200-grit polished samples.
3.6.1 Early Stages up to 120 Days. Individual samples have been regularly taken out of the controlled environment to determine the corrosion attack that occurred beneath the corrosion (rust) layer in the early stages of exposure. The 3D residual stress profile of an aqua-blasted and laser-engraved surface. Laser-engraved profile is shown in black and gray, indicating a highly tensile region (i), followed by a distinctive (ii) and slightly (iii) compressive region. The aqua-blasted profile is shown in red, with compressive regions (i) and near neutral (iii), and a tensile region (ii) (Color figure online) specimens were cleaned using 10 wt.% citric acid at 60-70°C for 2-6 h, and the surface characterized to quantify the development of corrosion depth, dissolved volume and number of corrosion sites using the Keyence laser microscope. It should be noted that the data only consider areas of the pit that are accessible for the laser. Figure 8 shows the number of corrosion sites and maximum pit depth as a function of surface condition and MgCl 2 deposition density. Data points for samples were obtained after 1, 2, 4, 6, 8 and 16 weeks and are all listed here to compare the overall behavior of the surface treatments. The graph shows that laser-engraved surfaces in general exhibit the fewest number of corrosion sites, in general < 15, while 1200-grit polished surfaces exhibited a larger number of corrosion sites, with a maximum of 53 sites observed in total. In addition, for aqua-blasted surfaces up to 25 corrosion sites were found. Figure 8 suggests that the aqua-blasted surface is most resistant compared to the other surface conditions, due to fewer corrosion sites than 1200-grit surfaces and smaller pits than the laser-engraved surfaces.
The measured pit depths are shown in Fig. 9 for all three surface conditions as a function of exposure time. In the early stages, of up to 56 days, 1200-grit, aqua-blasted and laserengraved samples exhibit similar pit depths independent of MgCl 2 deposition density, with overlapping error bars, indicating no significant difference between the studied conditions. The maximum pit depth on aqua-blasted surfaces reached $ 42 lm and on 1200-grit surfaces $ 45 lm, and laserengraved samples showed pit depths of up to $ 64 lm. After 120 days, a trend becomes visible, indicating that laserengraved surfaces lead to deeper pits. The influence of MgCl 2 can now be seen since for all conditions the deepest pits were initiated by the highest deposition density. Our data for laserengraved surfaces in Fig. 9 indicate that pit depths are increasing over time, which is in agreement with literature data (Ref 42) .
The relationship of corrosion volume and pit depth is shown in Fig. 10 as a function of MgCl 2 deposition density and surface treatment. The majority of corrosion sites on 1200-grit and aqua-blasted surfaces exhibited maximum pit depths of 20-50 lm, leading to corrosion volumes of up to 1.5 9 10 6 lm 3 , with no apparent relationship between pit depth and corrosion volume. Exceptions were found for two aqua-blasted samples exhibiting corrosion volumes of up to 2.5 9 10 6 lm 3 and one 1200-grit polished surface with a total corrosion volume of up to 4 9 10 6 lm 3 . Therefore, no correlation between maximum pit depth and total corrosion volume was observed after 120 days of exposure. In contrast, the measured corrosion volume on laser-engraved surfaces seemed to increase with deeper pits, especially exceeding 50 microns. This might be linked to fewer, but deeper corrosion sites found on laserengraved surfaces compared to aqua-blasted and 1200-grit ground surfaces. For example, after 4 months MgCl 2 deposition densities exceeding 386 lg/cm 2 led to an average pit depth of 40 ± 7 lm on laser-engraved, between 4 and 10 ± 1 lm on 1200-grit and between 18 ± 4 lm on aqua-blasted surfaces.
In addition, Fig. 11 shows pit depth and pit volume data after 120 days of exposure for all conditions. As expected, larger pit depths lead to increased pit volumes especially on aqua-blasted and laser-engraved surfaces. Even though laserengraved surfaces exhibit higher average and maximum corrosion depths than aqua-blasted surfaces, the measured pit volume was generally smaller. . Figure 12 shows the obtained statistics for all 3 surface conditions as a function of MgCl 2 deposition density after 402 days of exposure. The number of corrosion sites is shown in Fig. 12(a) . The observed trend indicates that the number of corrosion sites is nearly constant with increasing MgCl 2 concentrations. Aquablasted and laser-engraved surfaces exhibit a similar number of Fig. 8 Number of corrosion sites as a function of maximum pit depth, MgCl2 deposition density and surface treatment after up to 120 days of exposure Fig. 9 Determined maximum corrosion depth for as-received, aqua-blasted and laser-engraved samples as a function of exposure time and MgCl 2 deposition density corrosion sites, both, however, significantly lower than the 1200-grit-treated surface. The observed corrosion attack for laser-engraved surfaces initiated by 3860 lg/cm 2 MgCl 2 shows a large increase in the number of corrosion sites. Overall, the increased number of corrosion sites for 1200 grit compared to the surface treatments can most likely be linked to more metastable pitting events. The observed trends for 1200 grit, aqua blasting and laser engraving were fitted using a linear function.
Atmospheric Corrosion After 402 Days
This assumption is supported by the mean depth of corrosion attack shown in Fig. 12(b) , indicating that the average corrosion attack for 1200 grit increased from $ 8 up to $ 18 lm (slope 2.68; R 2 0.92). In comparison, aqua-blasted and laser-engraved surfaces lead to a significantly higher mean corrosion attack. The average attack increased for surfacetreated samples for higher MgCl 2 deposition densities, while reaching a maximum of 40 lm for aqua-blasted (slope 5.2; R 2 0.92) and up to 54 lm for laser-engraved surfaces (slope 8.6; R 2 0.87).
The maximum pit depths are also shown in Fig. 12(b) . As expected, the maximum pit depth is increasing with increasing MgCl 2 deposition density, reaching up to 100 lm deep for all Journal of Materials Engineering and Performance sample conditions. Pit depths for laser-engraved and aquablasted specimens are gradually increasing for higher MgCl 2 deposition densities, while 1200-grit samples exhibited almost no significant increase up to 772 lg/cm 2 MgCl 2 . Considering the margins of error, aqua-blasted and laser-engraved data points can be fitted with a linear line, while 1200-grit data show no linear trend. Both surface treatments indicate a similar tendency; for aqua blasting, a slope of 20.3 (R 2 0.918), and for laser-engraved a slope of 20 (R 2 0.992) was determined. In general, 1200 grit lead to more shallow pits, while laserengraved surfaces contained the deepest pits for MgCl 2 deposition densities up to 772 lg/cm 2 . The corrosion volume is shown in Fig. 12(a) and was calculated by adding up all the pit volumes that represent the corrosion attack. As expected, the corrosion volume increases for higher MgCl 2 depositions, due to the deeper corrosion attack and wider pit openings. Interestingly, the corrosion volume for all surface conditions is similar, with overlapping data bars. The data of all three conditions suggest that the corrosion volume increase is similar, with slopes of 0.6 (R 2 0.98), 0.64 (R 2 0.90) and 0.53 (R 2 0.95) for 1200-grit, aquablasted and laser-engraved surfaces, respectively.
The similar corrosion volume of 1200 grit compared to the surface-treated samples can be explained by considering the pit depth distribution. The pit depth distribution for all surface treatments exposed with 772 lg/cm 2 MgCl 2 is shown in Fig. 13 . The presented trend is representative for deposition densities of 38, 386 and 3860 lg/cm 2 . The measured pit depths were categorized into 6 classes: < 10 lm, < 25 lm, < 50 lm, < 75 lm, < 100 lm and > 100 lm. It can be seen that for 1200-grit surfaces the majority of pit depths are below 10 and 25 lm, explaining the smallest average corrosion attack, as well as indicating the passivation behavior of the as-received material. In contrast, both aqua blasting and laser engraving exhibit significantly less pits in the range of < 10 to < 25 lm, while the majority of the pits are deeper than > 25 lm, reaching up to 100 lm deep. This explains the increased average corrosion depth of surface-treated samples compared to the as-received condition, as well as the similar corrosion volumes.
Laser engraving and aqua blasting alter the residual stress level compared to 1200-grit surfaces. Laser engraving led to tensile ($ + 600 MPa) and aqua blasting to compressive ($ À 600 MPa) stresses with different surface topographies. Both the compressive ($ 110 lm deep) and tensile region ($ 200 lm deep) exceed the maximum pit depth measured on the samples. Considering the stress depth profile of aquablasted and laser engraves surfaces, no obvious influence of neither tensile nor compressive residual stresses on the corrosion attack was found. In contrast, it was shown that compressive residual stresses can increase the pitting corrosion potential of stainless steels (Ref 6, 9) , while tensile stresses lead to a more susceptible surface compared to compressive residual Fig. 13 Determined pit depth distribution for as-received, aquablasted and laser-engraved surfaces exposed with 772 lg/cm 2 MgCl 2 at 50°C and 30%r.H. for 402 days stresses and eventually lead to cracking (Ref 43) . Furthermore, aqua blasting and laser engraving lead to unique surface topographies with, i.e., micro-crevices, which most likely affect the initiation of atmospheric corrosion, rather than the presence of residual stresses.
3.6.3 Comparison Between Continuously Exposed and ''In/Out'' Specimens. To study the influence of continuous versus interrupted exposures in humidity controlled environments, two identical sets of samples were exposed for over one year. The first set is referred as the ''continuously exposed samples'' as they stayed in the chamber for the entire exposure time without interruption, while a second set of specimens was taken ''in and out'' of the chamber to track the development of corrosion products on the surface. It was shown that the surface area covered by corrosion products increased with exposure time and increasing MgCl 2 concentrations (Ref 18) .
The samples were taken out of the controlled environment in two-week intervals for 2-3 h before they were placed back into the chamber. Therefore, the environment changed from 50°C and 30%r.H to RT and 60-80%r.H for a short period. The differences in corrosion attack are shown in Fig. 14 for laserengraved and aqua-blasted specimens, comparing number of localized corrosion sites and maximum pit depths.
Laser confocal measurements indicated that both sets behaved differently. The continuously exposed specimens show a larger mean depth, 30 lm for in/out versus 54 lm for 772 lg/ cm 2 MgCl 2 , and maximum pit depths in combination with a larger corrosion volume (3.84 9 10 6 lm 3 ) compared to ''in/ out'' specimens (2 9 10 5 lm 3 ). In contrast, the number of corrosion sites slightly decreased, with a clear difference seen for the 386 lg/cm 2 samples. Overall, the trend indicates that varying temperature and humidity seem to affect the corrosion kinetics, with possible pit passivation after removing the sample from the humidity chamber, and formation of new localized corrosion sites after placing the samples back, with similar trends observed for aqua-blasted specimens. Image analysis was used to determine the oxide coverage on the surface, indicating that the oxide surface coverage increases for higher deposition densities and longer exposure times (Ref 18).
Potentiodynamic Polarization
Two types of potentiodynamic polarization test were conducted to determine the influence of surface treatments with exposure to bulk aqueous environments.
Potentiodynamic polarization tests have been carried out to determine the effect of surface treatment on the pitting potential using an Avesta cell. Here, aqua-blasted samples were tested against 1200-grit-treated surfaces in 0.7 M HCl solution at RT. Figure 15 shows a representative polarization plot, indicating that aqua blasting led to significantly lower pitting potential (554 ± 77 mV versus NHE), compared to the 1200-grit surface (696 ± 19 mV versus NHE), with corrosion parameters such as pitting (Epit), passivation (Epp) and corrosion potential (Ecorr) listed in Table 2 . The influence of peening and blasting treatments is not fully understood, as some publications indicate a positive effect on the corrosion resistance (Ref 5, 6, 38) , whereas other reported decreasing pitting corrosion resistance (Ref 6, 8) . The most likely reason for decreasing pitting resistance is the increased surface roughness, which introduces micro-crevices that act as preferential nucleation sites for localized corrosion (Ref 7, 8) .
A comparison with laser-engraved samples was carried out using a miniature corrosion cell as the width of the laser-engraved lines was too narrow to use a conventional 3-electrode corrosion cell setup. Figure 15 shows the determined polarization plots for 1200-grit and laser-engraved surface in 1M NaCl at RT, with a detailed overview of corrosion parameters listed in Table 2 . As expected, the as-received condition showed a similar behavior compared to the conventional setup (Avesta cell), exhibiting a passive region before the pitting potential is reached. The two current oscillations, before stable pitting corrosion is reached, are linked to metastable pitting events, indicating the initiation and passivation of localized corrosion sites. The absence of the active loop, which is typically present for scans in HCl environment, is linked to the different solution compositions, NaCl versus HCl, and mainly to the more acidic pH of the solution (Ref 44) . The small icorr value of the as-received condition in 1M NaCl is linked to the passive current density and the absence of the active loop.
The smaller exposed area of the miniature cell compared to a conventional setup can change the pitting corrosion potential. It was shown that if the diameter of the exposed area is < 450 lm, the pitting potential shifts to higher values (Ref 45, 46) . This and the neutral pH value compared to the HCl environment explain why the pitting potential for as-received in 1M NaCl is higher compared to the determined pitting potential in 0.7 M HCl, while another reason might be the reduced chloride concentration for 0.7 M HCl (Ref 47).
In contrast, only a narrow passive region was observed for laser-engraved samples as shown in Fig. 15 , indicating a reduced corrosion resistance. The narrow passive region was present for 2 out of 5 samples, while the other samples directly underwent corrosion attack. Furthermore, the surface appearance after the corrosion test suggests that besides the local corrosion attack, the oxide/hydroxide film of the laser-engraved area dissolves during polarization. This is supported by color changes of the surface, indicating dissolution of the surface film.
The influence of laser engraving, melting and its parameters on the pitting corrosion resistance was studied by several groups. It was shown that the pitting corrosion resistance of ), indicating that a certain range (50-70 J/cm 2 ) increases the pitting corrosion resistance significantly (Ref 28) . Again, the improved corrosion resistance was linked to the formation of a tight passivating oxide layer. In contrast, it was shown that for laser irradiated surfaces using an SPI fiber laser the corrosion resistance was decreased (Ref 11) , due to the formation of non-protective oxide layers with through-thickness cracks exposing the substrate to the corrosive environment. They also reported that the passive region of stainless steels after laser treatment can disappear, indicating immediate corrosion attack of the exposed surface.
Overall, it was shown that the laser-engraved surfaces presented in this study are more susceptible toward localized corrosion compared to the as-received condition. Atmospheric corrosion tests indicated a change in passivation-repassivation behavior of laser-engraved surfaces, as the numbers of pits are significantly lower as for the as-received condition, while the corrosion volume and depth are similar. Electrochemical tests support this assumption based on the fact that the passive region on the barcode seems to be changed, resulting in a severe corrosion susceptible surface condition.
Conclusions
• Aqua blasting led to compressive residual stresses that reach 100 lm deep, in combination with a near-surface deformation layer. No presence of secondary phases such as martensite was determined with XRD techniques and XPS revealed similar amounts of Cr 3+ and Fe 2+/3+ in the near-surface region.
• Laser engraving led to residual tensile stresses that reach 200 lm deep, with an oxide layer and Fe 2+/3+ enrichment of the near-surface region.
• Atmospheric corrosion attack in the early stages shows no significant difference between MgCl 2 deposition densities on 1200-grit and aqua-blasted surfaces in terms of pit depth, volume and number of corrosion sites. Laser-engraved surfaces exhibited deeper, but fewer pits compared to the other surface conditions. • Corrosion attack after 402 days of exposure revealed an increased number of corrosion sites in 1200-grit samples, due to a higher number of pits with depths smaller than 10 microns deep. Pit depths are in the same order of magnitude as observed for laser-engraved and aqua-blasted surfaces, reaching up to 100 micron deep. The corrosion volume was also in the same order of magnitude after 402 days for all conditions. • Polarization scans indicate that both aqua blasting and laser engraving influence the stability of the passive film, shifting the pitting potential to less noble potentials.
